Flaxseed meal from twenty-one varieties has been evaluated for content of cyanogenic glycosides (linamarin, linustatin and neolinustatin). Varieties belonging to three different groups of productive attitude (oil, fiber and intermediate) were considered. The total content of cyanogenic glycosides ranged from 0.74 to 1.60 g•Kg −1 CN − . As expected, linamarin was a minority component accounting for only 2% -14% of total glycosides. Linustatin resulted statistically lower in the intermediate group than that in the other groups and, in particular, it was the lowest in the Festival variety. Neolinustatin resulted lower in the fiber group although the variety Ventimiglia (belonging to oil group) showed a negligible level of this compound. Neolinustatin was positively correlated to total cyanogenic glycosides (r = 0.709) and inversely correlated to linustatin (r = −0.326). The variability observed in the content of the various forms of glycosides could be exploited in breeding programs to reduce the content of these toxic compounds in flaxseed meal.
Introduction
The cyanogenic glycosides (CG) are secondary plant metabolites that are composed of an α-hydroxynitriles type aglycone and a sugar moiety (glucose or gentiobiose) [1] . These toxic molecules are synthesized from different amino acids and, through a tonoplast glycosyltransferase, accumulated in vacuoles [2] [3] . When the cell structure is destroyed by a predator, CG are rapidly decomposed to hydrogen cyanide by a two-step process catalyzed by β-glucosidase and α-hydroxynitrile lyase [1] . Cyanide is toxic to humans and animals due to its ability to link with iron, manganese or copper ions that are functional groups of many enzymes including those involved in the reduction of oxygen in the cytochrome respiratory chain. Acute intoxications are characterized by symptoms such as vomiting, nausea, headache, dizziness, difficulty in vision, hyperpnoea, arrhythmias and may finally results in collapse and death [4] .
The distribution of the CG in the plant kingdom is relatively wide, including many taxa belonging to families Fabaceae, Rosaceae, Linaceae and others [1] . In an European agricultural context, the main sources of CG are seeds and by-products of crops such as flax (Linus usitatissimum), apricot (Prunus armeniaca), bitter almond (Prunus dulcis) sorghum (Sorghum vulgare) wheat (Triticum aestivum), barley (Hordeum vulgare) oat (Avena sativa) and apple (Malus pumila) [5] .
Since ancient times, common flax (Linus usitatissimum L.) has been cultivated both as fiber and oilseed crop. Flaxseed fiber has a wide range of applications in various areas such as textile, paper and biocomposite manufacturing [6] . The flax as oilseed is an attractive nutrition crop, because of a high content of alpha linolenic-acid, its dietary fiber and high quality proteins. Linseed oil can be exploited both for medicinal application as antitumoral and anti-infiammatory remedy and as drying oil in paints and varnishes [7] . The remaining flour after defatting contains CG which are regarded as antinutrients. High levels of cyanogenic compounds severely restrict the amount of flax meals in animal rations [8] . The possibility of improving the commercial value of these flours by reducing the levels of CG has generated considerable interest in understanding their changes in flaxseed.
The CG in flaxseed have been identified as linustatin (β-gentobioside of acetone cyanohydrins) that occurs also in cassava, neolinustatin (β-gentobioside of methyl ethyl ketone cyanohydrins) present in Passiflora species and a minor component, linamarin (1-cyano-1-methylethyl ketone cyanohydrin β-D-glucopyranoside) which is present in cassava, lima bean, rubber tree, wheat and oat [8] .
In this paper, we evaluated the content and distribution of individual CG in twenty-one flax varieties divided in three groups of productive attitude (oil, fiber and intermediate). The characterization quali-quantitative of CG in these varieties may prove important for a future flax breeding.
Material and Methods

Plant Materials
Seeds from flax varieties Valoal, Linoal, Natural, Merlin, Solal, Festival and Kaolin were obtained from Semfor (Italy). All the other varieties were kindly provided by Centro di Ricerca per le Colture Industriali, CRA (Bologna, Italy). Origin and productive attitude of the flax varieties are shown in Table 1 .
Cyanogenic Glycoside Extraction End Assay
Whole flaxseeds were ground in a mortar and defatted by extracting the samples with hexane (1:10, w/v, twice). CG were extracted according to Russo and Reggiani [9] from defatted flour with 80% ethanol at 70˚C twice. The alcoholic samples were dried at 70˚C and then resuspended in water:methanol:choloroform (25:25:50, v/v). After 1 h of agitation, the samples were centrifuged for 15 minutes at 15,000 × g and the lower water layer recovered.
Total CG were assayed on the water extracts by the Spectroquant Cyanide-Test (Merck, Germany) according to the manufacturer's protocol.
HPLC analysis of Cyanogenic Glycosides
Before HPLC analysis, the samples were filtered (0.45 μm nylon VWR centrifugal filter, VWR-PBI, Italy ) and stored at 4˚C until analysis.
For the separation of CG, we modified the method of Oomah et al. [8] . The HPLC system consisted of a Jasco PU-208Plus pump (Jasco, Japan) and a Jasco UV-975 detector (Jasco, Japan) set at 230 nm. The analytical column was a Kinetex 4.6 mm × 125 mm, 2.6 micron C-18 (Phenomenex, Italy) maintained at 40˚C. Two mobile phases were used: A) 0.05% phosphoric acid in HPLC grade water; B) methanol. Phase B was maintained at 2% (v/v) for 10 min, increased linearly to 15% (v/v) over 6 min, increased linearly to 100% (v/v) over 2 min, remained to 100% for 2 min and then returned to 2% (v/v) in 2 min to regenerate the system. Calibration curves were obtained using commercially available linamarin (Sigma-Aldrich, Italy) and purified samples of linustatin and neolinustatin. For purification, peaks were collected and CG identified by cyanide test and separation by TLC [10] . The retention times were 4.9, 8.9 and 18.8 for linamarin, linustatin and neolinustatin, respectively (Figure 1 ).
Statistical Analyses
All statistical analysis were performed by SPSS version 16.0 software. Analysis of Variance (ANOVA) was applied to establish significant differences (P ≤ 0.01) between flax varieties and productive attitude groups in the levels of CG. Mean separation was performed using Duncan's test and referring to P ≤ 0.05 probability level.
Pearson's correlations between CG species were also calculated.
Results and Discussion
In Figure 2 is shown the total CG content in flours of the twenty-one flax varieties. The total CG content is the mean of three independent extractions and is expressed as g•Kg Oomah et al. [8] developed an isocratic HPLC separation for detecting CG of flax. They reported the retention times of linamarin, linustatin and neolinustatin and were 8.2, 11.0 and 23.6 min, respectively. We modified this HPLC method by adding a mild gradient of methanol. In this way, we were able to get an acceptable separation of flax CG in less time (Figure 1) .
The relative amounts of the three CG present in flax varieties are shown in Table 2 . The mean of linamarin, linustatin and neolinustatin for each group of productive attitude is also shown. The ANOVA showed that the differences in the content of the three CG among varieties are significant at 0.01 level. According to Oomah et al. [8] , the HPLC method found only traces of linamarin, about 5% -8% of the total CG in all flax varieties. From our analysis, we found a greater variability in the relative content of linamarin (2% -14%), though still was a minority component as absolute value and statistically similar among groups of productive attitude ( Table  2) . Instead, linustatin and neolinustatin exhibited significant differences among groups ( Table 2) . Linustatin re-sulted to be statistically lower in the flours of the intermediate group, and, in particular, should be noted the lowest level observed in the variety Festival (0.28 g•Kg −1 CN − , letter a by the Duncan's range test). In the case of neolinustatin, the fiber group showed an average value statistically lower than the other two groups. However, it should be emphasized that the variety Ventimiglia in the oil group had a very low content of linustatin (0.06 g g•Kg −1 CN − , letter a by the Duncan's range test), which it was equivalent to just 5.8% of the total of CG. No association between GC content and geographical origin was evident. Table 3 shows the Pearson's correlation coefficients (r) between each CG compound and the total CG for the Table 2 . Linamarin, linustatin and neolinustatin contents in different flax varieties. twenty-one flax varieties considered in this study. The total CG content was positively correlated with all the glycosides, even if the correlation value significantly greater observed for neolinustatin (r = 0.709) could indicate that this compound is the main component of the total glycosides of flax. Moreover, the Pearson analysis showed that neolinustatin was positively correlated to linamarin (r = 0.385) and negatively correlated to linustatin (r = −0.326). The inverse correlation between linustatin and neolinustatin might suggest a competition in the synthesis of these two compounds. However, since these two molecules are derived from different amino acids (linustatin from valine, neolinustatin from isoleucine) [11] [12], the contents of these two glycosides could be controlled by the relative levels of the two amino acids. Alternatively, the competition between the two CG may lie in the two biosynthetic pathways since the enzymes involved are common [12] .
Variety
Conclusion
Flax is a plant of considerable economic importance for fiber, oil and meal. However, the CG in linseeds are the main toxic compounds that reduce its use in animal feed [9] . Decreasing the content of CG in flax meal could increase the amount of flour addition in feed (currently goes up to 12% -14% in ruminants [13] . We found a significant variability among flax varieties in the content of both total CG and the three different molecular species of glycosides ( Figure 2 , Table 2 ). This variability could be exploited in breeding programs to reduce the content of linustatin and neolinustatin in flaxseed. Some interesting varieties have already emerged from this study. The variety Ventimiglia showed a negligible level of neolinustatin while the variety Festival as well as presenting low levels of total CG also had the lowest content of linustatin. However, it will be necessary to verify the possibility of reducing the content of CG in suitably crosses due to the negative correlation found in this study between linustatin and neolinustatin ( Table 3 ).
